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Abstract

Membrane-bound pyrophosphatases are homodimeric enzymes essential to the life cycles of bacteria, archaea,
plants, and parasitic protists. They hydrolyze pyrophosphate into inorganic phosphate and pump H*/Na* across
membranes. Notably, mPPase are absent in humans, making them attractive therapeutic targets in pathogenic
protozoan parasites responsible for severe diseases. To date, crystal structures of mPPases from Vigna radiata
(VrPPase), Thermotoga maritima (TmPPase), and Pyrobaculum aerophilum (PaPPase) have been resolved in
complex with various ligands to study their mechanisms and support structure-based drug design. The
“pumping-before/after-hydrolysis” mechanism has been proposed, and several inhibitors have been identified.
However, due to potential artifacts in crystal structures, the conformational changes of mPPase in solution
remain unclear. Furthermore, limited knowledge about the pharmacological activity of inhibitors on mPPase
in pathogenic parasites hinders progress in their application for drug design. In this thesis project, I employed
biochemical and biophysical tools to study: (1) the conformational dynamics of well-characterized TmPPase
with various bisphosphonates; (2) the expression, purification, and activity characterization of mPPase from
Plasmodium falciparum (PfPPase); and (3) the identification of potential non-phosphorus inhibitors targeting
PfPPase.

In Publications I and II, two crystal structures of TmPPase were solved in complex with bisphosphonates,
providing evidence for catalytic asymmetry. Using double electron-electron resonance spectroscopy, I
confirmed the conformational dynamics of mPPase in asymmetric states under various inhibitors and
functionally relevant conditions. I proposed four distinct conformational ensembles of mPPase in the presence
of different inhibitors. Combined with solid-supported membrane-based electrophysiology, these findings
demonstrate that ion pumping requires pyrophosphate hydrolysis, supporting the “pumping-after-hydrolysis”
model. These results further reinforce the concept of symmetry-breaking across the membrane. In Publications
III and 1V, I successfully expressed and purified PfPPase in insect cells. PfPPase was shown to exist in both
dimeric and monomeric states, with enzymatic activity restricted to the dimeric form. I subsequently screened
the inhibitory effects of fourteen antimalarial drugs, seven TmPPase inhibitors, and fourteen other compounds
on PfPPase. Among these, three pyrazolo[1,5-a]pyrimidine-based TmPPase inhibitors retained micromolar
1Cso values against PfPPase, while all other compounds were either inactive or showed minimal inhibition. To
facilitate the structure-based drug development targeting mPPase from protozoan parasites, I fused BRIL, an
engineered variant of apocytochrome b562a, to the C-terminus of PfPPase and formed a complex with an anti-
BRIL antibody to enhance particle properties for cryo-electron microscopy. Initial structural data were
obtained, laying the groundwork for future optimization.
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1 Introduction

1.1 Pyrophosphatases

Pyrophosphatases (PPases) are essential enzymes that catalyze the hydrolysis of inorganic
pyrophosphate (PP;) into two orthophosphate (P;) molecules. This reaction is critical for
maintaining cellular energy homeostasis and facilitating biosynthetic pathways by ensuring
the irreversible breakdown of PP;, a byproduct first identified in various mammalian tissues
in 1928. PP; plays a vital role in numerous biochemical reactions and also acts as a
regulatory molecule for various enzymes without directly participating in the reactions'.
Excessive accumulation of PP; is cytotoxic, disrupting the metabolic reactions that product
PP;, as well as DNA/RNA polymerisation and connective tissue matrix calcification®*,
Therefore, cell metabolism heavily depends on PPases activity across all kingdoms of life.

PPases are classified into three major protein families: Family I, Family II (sPPases), and
membrane-integral pyrophosphatases (mPPases). sPPases are soluble enzymes with no
evolutionary relationship, mPPases exhibit significant structural and functional differences
from sPPases, despite catalyzing the same reaction’.

1.1.1 Family | and Il Pyrophosphatases

Family I PPases are extensively studied single-domain enzymes that are widely distributed
across bacteria, archaea, and eukaryotes. These enzymes typically function as oligomers,
most commonly adopting dimeric in eukaryotes or hexameric configurations in
prokaryotes®’. The first structure of a family I PPase structure was determined from
Saccharomyces cerevisiae 8, revealing a dimeric organization and providing insights into
the conserved active site conformation where PP; binds. Their active sites require three to
four divalent metal ions, such as Mg?" or Mn**, to achieve catalytic activity®.

Unlike the broadly distributed family I enzymes, family II PPases are primarily found in
specific bacteria and archaea, suggesting they play specialized roles in the metabolic
processes of these organisms'?. The first structures of Family II PPases were solved from
Streptococcus mutans, Streptococcus gordonii and Bacillus subtilis, they possess two
domains of N-terminal and C-terminal domain per subunit, as opposed to the single-domain
architecture observed in Family I enzymes™>!"'2, Their active sites are located at the domain



interface and contain two conserved histidine residues, which confer a preferential
requirement of Mn?* and Co?" over Mg?" as metal cofactors®!"12, In the presence of Mn?*
and Co?", these enzymes exhibited higher catalytic activity compared to Mg?", likely due to
the superior ability of Mn?" and Co?* to accommodate the transition from five- to six-
coordinate geometry during catalysis, a transition that Mg?" handles less efficiently’.
Despite this, the catalytic efficiency of family Il PPases in the presence of Mg?" is about 10-
fold higher (kca: ~2000 s™') compared to family I PPases (kcar: ~200 s'). This enhanced
activity is attributed to the tri-metal coordination of nucleophilic water in family II PPases,
which facilitates more efficient deprotonation compared to bi-metal coordination observed
in family I PPases®. Moreover, family II PPases employ a dissociative mechanism, wherein
a strongly hydrated POs™ anion, such as metaphosphate, is formed prior to nucleophilic
attack. In contrast, family I PPases lack an equivalent proton donor at the corresponding
position and instead operate via an associative mechanism>!2,

1.1.2 Integral Membrane-bound Pyrophosphatases

This thesis focuses on mPPases, a unique subclass of pyrophosphatases embedded within
biological membranes. First discovered in the photosynthetic bacterium Rhodospirillum
rubrum in 1966'3. These enzymes are characterized by their structural complexity, with each
subunit containing 15—17 transmembrane helices'*!>. Unlike sPPases, which solely function
to hydrolyze excess cytoplasmic PPi, mPPases are primary ion pumps, coupling the
hydrolysis of PP; to the movement of Na* or/and H* across the membrane’. In general, ion
pumping occurs from the cytosol, where PP; hydrolysis takes place, to the periplasmic site
when localized in the cell membrane, or to the organelle lumen when embedded in organelle
membranes. In terms of hydrolysis, mPPases exhibit significantly slower activity, with a kcat
of approximately 10 s™', compared to sPPases’® This reduced catalytic efficiency is primarily
attributed to the superior nucleophile activation in sPPases, where the metal-coordinated
water molecule is more effectively activated than the aspartate-coordinated water in
mPPases®. Moreover, the capture of PP; within the metal coordination cage in mPPases is
less efficient than in sPPases, where the leaving group is primarily stabilized through
interactions with side chains>!3.

mPPases can be classified based on their ion selectivity (H", Na* and dual Na*, H") and
cation dependence!®!® (Table 1). They are widely distributed across all domains of life,
with the exception of multicellular animals 3. Furthermore, they are considered among the
earliest enzymes to couple phosphoanhydride bond formation and hydrolysis to the
generation of chemiosmotic potential'®. Phylogenetic analyses suggest that the utilization
of PP; as a chemical energy source predates the evolutionary adoption of ATP as the primary
energy currency'®. Sequence analysis further suggests the first mPPases were Na* mPPases
and H" mPPases evolved four times from Na" mPPases, and the evolution of dual Na*/H*
mPPases is likely separate to the evolution of H® mPPases'®?. In terms of cation



dependence, K*-independent mPPases have only been identified in H* mPPases?!. All other
mPPases require K* for maximal catalytic activity. In the following discussion, to facilitate
the comparison of residues across mPPases, I will use the Ballesteros and Weinstein
numbering system??. This system ensures that all functional residues across different
organisms share the same index. Denoted as X¥Z, it references the amino acid (X), the helix
number (Y), and the offset of well-conserved residue in the centre of the helix (at position
50 as per definition) (Z).

Table 1. Subfamily classification of mPPase

Semi-conserved Cationic
Ton Monovalent .
.. glutamate centre Regulation Example
selectivity dependence . .
location occupation
Thermotoga
Na* Na®, K* E&3 K" (A1246) Maritima
(TmPPase)
Vigna radiata
K E6,57 K* A12.46
( ) (VrPPase)
H* Pyrobaculum
- E&33 K246 aerophilum
(PaPPase)
Bacteroides
Na*, K* E&33 K* (A1249) Na* vulgatus
Dual Na*
and H* (BvPPase)
Na* K 653 K" (A124) Clostridium
’ leptum (C1PPase)

Overall, Na* and dual Na*/H* mPPases are prokaryotic mPPases?>?*. In contrast, H"

mPPases are also present in eukaryotes, including plants and parasitic protozoa®>?*,

1.2 Function of mPPases in prokaryotes and eukaryotes

In prokaryotes, mPPases are localized in cell membranes, where they function as critical
energy-conserving devices, particularly under low-energy conditions such as cold or
drought stress?*. Consequently, they are predominantly found in obligate anaerobes like
Bacteroides and deep-sea organisms (7Thermotoga maritima and Pyrobaculum aerophilum),
which thrive in harsh environments and grow optimally at temperatures ranging from 70 -
90°C?%28, Consistent with this, the melting temperature of TmPPase is approximately
70°C?°. The remarkable stability of TmPPase makes it well-suited for various structural and
functional studies, as explored in this thesis.

In plants, mPPases are predominantly localized in the tonoplast of the vacuole?>?*. H*
mPPases are abundant and play critical roles in plant maturation and ion homeostasis,
functioning in tandem with vacuolar ATPases (V-ATPases), which generate the required



membrane potential. However, they do not exhibit a complementary relationship; knockout
of V-ATPases disrupts normal cellular functions despite the compensatory increase in
mPPase activity’®. This is likely because mPPases function as a backup system under
extreme stress conditions and are insufficient to fully compensate for the critical roles of V-
ATPases under normal physiological conditions’!. Overexpression of mPPases in
Arabidopsis thaliana has been shown to enhance cell division and promote plant growth?33,
Conversely, knockout mutants of mPPase exhibit impaired root and shoot development due
to reduced auxin trafficking driven by disrupted H* gradients®*. Furthermore, the
overexpression of mPPases has been shown to enhance drought and salinity tolerance by
increasing vacuolar membrane potential, which facilitates osmotic potential and water
uptake®3-3°,

The life cycle of protozoan parasites heavily depends on mPPases for successful transitions
between vector and host environments, as well as for adaptation to diverse host systems*.
Specifically, in acidocalcisomes—small, acidic storage organelles where mPPases play a
critical role—the internal environment acts as a reservoir for cations such as Ca?", Na", and
K", as well as polyphosphates (Poly-P)**2. The regulation of H" across the membrane is

4344 as its

essential for maintaining osmotic homeostasis and acidifying the acidocalcisome
low pH is crucial for proper functionality. A knockout study of H"-mPPase in Trypanosoma
bruceii revealed that the loss of acidity leads to a tenfold reduction in stored Poly-P levels,
resulting in detrimental osmotic changes*. Moreover, disruption of H* pumping — either
by preventing its removal from the cytosol or by impairing its release from the
acidocalcisome under acidic and alkaline conditions, respectively, adversely affected
cellular pH regulation, cell growth rate, and final cell density. Beyond its role in
acidocalcisome acidification, studies on H*-mPPase knockdown and knockout strains of
Toxoplasma gondii and Plasmodium falciparum suggest that mPPases also mediate in vitro

asexual blood-stage growth and contribute to parasitic virulence*.

1.3 Structural basis of mPPase

1.3.1 Structural overview

The crystal structures of VrPPase and TmPPase were first determined in 2012!347, This
breakthrough paved the way for the determination of various mPPase structures bound to
ligands or ions (Table 2). However, until recently, these studies were limited to just these
two organisms. In 2023, the structure of PaPPase in complex with imidodiphosphate (IDP)
was solved *3, making an advancement in the field.



Table 2. Overview of mPPase structures

Species Name Conformation Ligand/Ions Res?j&ll)tlon PDB
TrmPPase:[DP Closed IDP- IDP, 5 Mg*, 35 5120
'mPPase: .
5 bound Na*
relaxed product- ) ot
TmPPase:WO4 WO4*-, 2 Mg 4.0 S5LZR
bound
TmPPase:Ca Resting Ca*", Mg* 2.6 4AV3
Thermotoga | TmPPase:2P; Product-bound 2 Pi, 4 Mg?* 4.0 4AV6
Maritima Resting (0-60 s),
Time-resolved substrate-bound | 300 and 600 s:
(300's, 600 s), PP, 4 Mg>™; | 2.7,2.5,4.0,
TmPPase (t = 8B21-8B24
substrate and 3600 s: Pi, PP;, 3.8,4.5
03600 s) 7
product-bound 5Mg
(3600s)
Closed IDP-
ViPPase:IDP 05¢ 5 Mg?, K 2.4 4A01
bound
Relaxed product-
ViPPase:Py | oo PLOGHe P;, 2 Mg?* 35 5GPJ
bound
WT (GAFS),
6.57
Vigna ESS7Q (6AFT),
L12.64M/K
radiata
(6AFU,
VrPPase:2P; Product-bound 2P;, 5 Mg** 2.3 6AFV),
TS.SSD
(6AFW),
E>3A/S/H
(6AFX-Z)
Pyrobacul losed IDP-
yrobaculum |y ppaseapp | 1% IDP, 5 Mg** 38 8B37
aerophilum bound

Overall, the solved mPPase structures exhibit similarity due to their high sequence identity
(23-56%) and their function as homodimers?*, with each monomer comprising 16
transmembrane helices (TMHs). These helices are arranged in two concentric layers: an
inner ring formed by TMHs 5-6, 11-12, and 15-16, and an outer ring consisting of TMHs 1-
4, 7-10, and 13-14. Each monomer contains four functional regions: the active site, the
coupling funnel, the ion gate, and the exit channel.

The active site of mPPases is a large hydrolytic centre extending into the cytoplasm (Figure
1). Despite variations among different mPPase subfamilies (Table 2), the active site
contains highly conserved aspartate, asparagine and lysine residues (K38, D361, D365, D633,
D639, D643, PIIST DI239 NI1243 | DIS6l KI565 D632 1635 k1638 and D1639) which are
essential for PP; binding and hydrolysis (Figure 1A-B). The overall structure of conserved
residues in the IDP-bound active site of Tm/Vr/Pa-mPPases is nearly identical (Table 3).
Among these residues, aspartate residues interact indirectly with PP; by coordinating with



five Mg?* ions, forming a metal cage that captures PP;. In contrast, lysine residues interact
directly with PP;, stabilizing it within the binding site. Mutagenesis of these active site

residues typically results in a loss of enzymatic activity 5452,

Table 3 Alignments of key residues between chains of different mPPase structures

Chain 5LZQa:4A01A 5LZQa:8B37a 4A014:8B37a
Co« RMSD (A) 0.37 0.81 0.73
The superposition ofresidues ((K5.58 DSAGI D5.65 D6.35 Dﬁ.39 D6.43 Dl]A57 D]2.39 N12A43 D]S.ﬁl K15.65 D]6.32 D16.35
K16.38 and D16.39)

The coupling funnel is located between the active site and the ion gate and is lined with
highly conserved charged residues (R>30, D843, D630, D130 K 1230 K 1638 3nd D16-3%) (Figure
1C). These residues form an ionic network that facilitates ion translocation through the
hydrophobic protein region into the ion gate, coupled with PP; hydrolysis!>*’. Mutations in

these residues, such as D% or I!254

, result in reduced enzymatic activity and a complete

loss of ion transport>2.

Cytoplasm

PP

o 3
.\ /Coupling* ">~
[ funnel Y

5 lon gate %
L e

g ..’ ‘5? manneb‘.‘.

o]

Coupling funnel

TmPPase:IDP

Periplas™

TmPPase:IDP

Figure 1. Overview of mPPase functional core regions with a focus on the active site and coupling funnel.
(A) Close-up view of the open active site of TmPPase (green): Residues in the active site with Mg?" and Ca®"
coordinated (dashed lines). Ca*" (orange sphere) and Mg?* (green spheres). (B) Close-up view of the closed
active site of TmPPase (cyan): Residues in the active site with IDP coordinated (dashed lines) in a Mg?* metal
cage (green spheres). (C) Close-up view of the coupling funnel of TmPPase (cyan), extending from active site
to Na" ion gate. Key residues are displayed along the translocation pathway. Na* (blue sphere) and Mg?* (green
spheres) are shown.

The ion gate acts as an Na*/H* selectivity filter before ion pumping'®. This functional core
comprises charged and hydrophilic residues (S>%, D30, E®33, §634 E657 D/N'646 and

K!630) (Figure 2A-C). Of these, all residues except S># are directly involved in forming



the Na*/H* binding site. However, ion selectivity primarily depends on the interaction
between S>* on helix 5 and the semi-conserved glutamate (E®33°7), as proposed in our
recent work®®, Briefly, in the structure of H*-PaPPase, helix 5 adopts a slightly straighter
conformation (Figure 2D), creating additional space for the protonated E®33 to interact with
S34. In Na*-TmPPase, S># is pushed away from E®>* to prevent steric clashes, thereby
forming an Na* binding site. In H*-VrPPase, the downward shift of E®3 to E®*’ generates
sufficient space for S3# to interact with the protonated E®33.

The exit channel, which connects to the ion gate, facilitates ion release but is not highly
conserved in sequence among mPPases (Figure 2E). The only well-conserved residue in
this region is L!>%4, which forms a hydrophobic gate with V633, S56! and 1°40, functioning
as a checkpoint to prevent ion backflow (Figure 2E) 3. Mutations of this residue, such as
L'2¢4A/M/K in VrPPase, result in narrower exit channels, leading to reduced ion pumping
and hydrolysis activity’®. The open state of the exit channel is thought to represent the
transient moment of ion release but has not yet been stabilized for structural determination.
To date, the widest gate-open state has been observed in the VrPPase:2P; structure, which
mimics the PP; hydrolyzed state, featuring an approximately 4 A pore size>. In this thesis,
conformational changes in the exit channel were studied by measuring the inter-spin
distance of residues within the exit channel using double electron-electron resonance
(DEER) spectroscopy.

lon gate

D50 Helix 5)

Cytoplasm,

PPi

T
X o 2Py

iy '_‘71-4'ydrolyu‘c PaPPase:1DP TmPPase:IDP ViPPase:IDP

s \" / (@] ’.‘ Exit channel

\ h /"‘Coupllnq"',-'

) funnel
My lon gate .-’
i

Periplasm

PaPPase:IDP vs TmPPase:IDP

Figure 2. Overview of mPPase functional core regions with a focus on the ion gate and exit channel. (A)
Close-up view of the ion gate in H*-PaPPase:IDP structure (blue) shows the residue configuration when the
active site is fully closed. Dashed lines indicate key interactions. (B) Close-up view of the ion gate in Na'-
TmPPase:IDP structure (cyan) shows the residue configuration when the active site is fully closed. Dashed
lines indicate key interactions. Na® shown as purple sphere. (C) Close-up view of the ion gate in H'-
VrPPase:IDP structure (pink) shows the residue configuration when the active site is fully closed. Dashed
lines indicate key interactions. (D) Close-up view of the hydrophobic gate at the top of the exit channel in



TmPPase:IDP structure. (E) Comparison of helix 5 orientation in PaPPase:IDP to TmPPase:IDP PaPPase:IDP
(blue) and TmPPase:IDP (cyan)

1.3.2 Inter-subunit communication

It is now understood that the functional core regions of mPPases are all located within a
single monomer. Early radiation inactivation experiments conducted in the 1990s revealed
that the functional unit of mPPase operates as a dimer, where an impaired subunit can
detrimentally affect the functionality of the otherwise unaffected subunit’*->¢. Dimerization
is therefore believed to play a crucial role in ion pumping and PP; hydrolysis. This is further
supported by mutations in various residues at the dimer interface, which either inactivate
the protein or result in “loose-coupling” mutants®!. Meanwhile, kinetic studies have
revealed that the substrate-binding affinities at two active sites are not identical**>7-*% (Table.
3). Typically, PP; binding to the first active site affects binding to the second active site
(Km,1 < Km2) and reduces the hydrolysis velocity at the other site. The significantly lower V'
in PaPPase compared to TmPPase and BvPPase may be attributed to its subclass affiliation
(K*-independent PaPPase vs. K*-dependent TmPPase and BvPPase) or differences in
membrane environments (detergent-solubilized PaPPase vs lipid-based TmPPase and
BvPPase)*-7°8, The V> values for TmPPase and PaPPase are zero and approximately equal
to V1, respectively. This result is attributed to the fact that the steady-state kinetic
experiments for these thermophilic enzymes were conducted at 40°C, a temperature where
they remain reasonably active, despite their optimal temperature exceeding 70°C*7,
However, the instability and reduced solubility of MgPP; at elevated temperatures
introduce significant error in determining V>, as the solubility of Mg>PP; at 40°C is 800 uM
lower than the Ky of TmPPase and PaPPase*®%7. Overall, these measurements indicate that
in mPPase, only one active site predominantly functions at a time, rather than both sites
operating simultaneously.

Table 4 Kinetic parameters for PP: hydrolysis for three different mPPases

Parameters TmPPase (Na*) %7 BvPPase (Na* and H") *® | PaPPase (H") *
Organism Thermotoga maritima Bacteroides Pyrobac?tlum
vulgatus aerophilum
Kt (LM) 1.41 +0.04 23+2 2.42+021
K2 (UM) 1400 + 100 800 + 4 449.8 + 828.4
V1 (umol PPj-mg ! min™") 0.4 £0.005 0.28 £0.01 0.013 = 0.0003
V3 (umol PPi-mg"-min™') ~0 0.060 + 0.04 0.009 £ 0.003

Despite evidence suggesting that mPPases function as a dimer with functional asymmetry,
most crystal structures appear symmetric. This symmetry may be attributed to
crystallization conditions, particularly the use of high concentrations of inhibitors (e.g., 4
mM IDP), which can occupy both active sites, potentially leading to artefactual
symmetry'*!3, The first asymmetric structure of TmPPase was obtained in the presence of



N-[(2-amino-6-benzothiazolyl)methyl]-1H-indole-2-carboxamide (ATC)*°. A dimer of
ATC (ATC:>) selectively binds to one of the two monomers (e.g., monomer A), stabilizing
a locked conformation of the exit channel through interactions with loop6-7, loop8-9, and
loop12-13 (Figure 3A). This binding event is facilitated by the downward motion of TMH
12, which induces the reorientation of loop12-13, a conformational change that occurs
exclusively when PP; or its analogue is bound at the active site. The subsequent upward
displacement of TMH 13 at the dimer interface triggers a coordinated movement of TMH
13 in monomer B, enhancing the affinity of active site B for substrate binding. However,
full catalytic activity is impeded due to the locked conformation imposed by ATC.. The
corresponding binding region of ATCz in monomer B is disordered (Figure 3B). RMSD/Ca
values differ by up to 1.6 A for certain loops at the exit channel, while the active sites remain
structurally identical. Overall, this structure provides the first structural evidence that the
mPPase dimer operates as an integrated machine through intra-subunit communication
rather than as two independent units.

Monomer AVS B

Figure 3. The asymmetric structure of TmPPase:ATC. (A) ATC dimer interaction with TMH6-7 (orange),
TMHS8-9 (cyan), and TMH12-13 (pink). (B) Comparison of the ATC binding site in monomer A (green) with
the corresponding region in monomer B (orange).

The first asymmetric structure of mPPases at the active site was solved by Strauss and co-
workers using time-resolved crystallography (Figure 4)*%. TmPPase was incubated with PP;



and cryo-trapped, effectively slowing the reaction to capture the hydrolysis steps over a
period of 3600 seconds. At 60 seconds, no significant changes were observed in monomer
A and B (Figure 4A), and the 0-60s structure remains symmetrical in the resting state,
identical to the TmPPase:Ca structure (PDB: 4AV3). By 300 seconds, a positive mFo-dFc
density appeared in the active site of monomer A, best fitting to PP;; however, the PP; had
not yet reached its final binding pose, and the overall structure remains very similar to the
TmPPase: Ca structure. After 600 seconds, PP;j reached the canonical position for hydrolysis.
Concurrently, conformational changes were observed in the active site, including an inward
movement of loop5-6 and a downward shift of TMH 12 (Figure 4C). Monomer B remained
in the resting state until 3600 seconds (Figure 4B). Although the resolution of the 3600s-
structure is poor, monomer A appears to still contain PP;, while the density in monomer B
is best fitted to 2P; (Figure. 4B). In summary, the time-resolved crystal structures provide
snapshots of different states during the catalytic process, consistent with functional studies.
In this thesis, further studies were conducted to further support the catalytic asymmetry
under physiological conditions.

A

Monomer A

B 7

Monomer B

Time-resolved TmPPase Monomer A 0-60s VS 600 s

Figure 4. Time-resolved TmPPase structures in active site at different time-points. (A) TmPPase
active site of monomer A at different time-points (dark blue); PP; shown as a stick model and Mg?* shown
as green spheres. (B) TmPPase active site of monomer B at different time-points (yellow); 2Pi shown as
a stick model and Mg?" shown as green spheres. (C) Helix 12 reorientation and loop5-6 closure upon
substrate binding in the 0 — 60 s and 600 s structure. TmPPase (0 — 60 s) shown in dark blue and TmPPase
(600 s) shown in light blue. Black arrows highlight major structural changes.

1.4 Mechanism of Pumping and Hydrolysis

The mechanism of mPPase activity has been refined multiple times with increasing evidence
from functional and structural studies!>?%#7. Currently, researchers concur on a mechanism
involving half-of-the-sites reactivity, intra-subunit communication, and exit channel
motions as discussed above. Until recently, the primary debate centres on the sequence of
hydrolysis and ion pumping during the catalytic cycle'*%°. Two opposing mechanisms have
been proposed: “pumping-after-hydrolysis” and “pumping-before-hydrolysis” (Figure 5).

The “pumping-after-hydrolysis” model, also known as “direct coupling”, was proposed by
Baykov et al.%° (Figure 5A). In this model, the released H* originates from the nucleophilic
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water molecule after it attacks PP;. For Na* pumping, it is suggested that gate-bound Na* is
propelled into the exit channel by H* via a 'billiard-type' mechanism®-®!, In contrast, the
“pumping-before-hydrolysis” model, also referred to as the “binding change” model, was
first proposed by our group'. This model posits that H* and Na® pumping occur
independently of hydrolysis; ions may originate from the medium or preceding hydrolysis
events. However, active-site closure in the presence of PP; is required to drive the cation
out of the ion gate'*. The increased negative charges along the coupling channel triggers the
downward movement of TMH 12, followed by the deprotonation of D®* and D'%%*, which
activates the water nucleophile and ultimately leads to hydrolysis'“.

Support for ion pumping preceding hydrolysis comes from electrometric studies on H*-
VrPPase!*. Li and co-workers measured proton current signals across membranes
containing VrPPase upon the addition of PP; and its analogues on gold-coated sensors'4. In
addition to PP;, a tenfold lower current was detected in the presence of IDP. Based on these
findings, they proposed that the ion pumping can occur independently of hydrolysis but
requires the binding of PP; or structurally similar analogues'*. However, the interpretation
lacks sufficient robustness to definitively rule out the “pumping-after-hydrolysis” model.
The lower signal induced by IDP could result from partial ion transport across the membrane
or be an artifact of charged amino acid reorientation within functional regions®. In recent
studies, Baykov and coworkers used a stopped-flow pyranine assay to directly monitor
proton transport across vesicles containing mPPase from Desulfitobacterium hafniense5>%.
By measuring fluorescence changes of the pH-sensitive dye pyranine, they confirm that
proton pumping occurs exclusively in the presence of PP;, rather than its analogues®?©3,
Accordingly, in this thesis, electrometric studies were conducted on Na*™-TmPPase to further

validate “pumping-after-hydrolysis” model.

Al 4 b c

Monomer A Monomer B

Nucleophile
activation

Monomer A Monomer B

Figure 5. Schematic mechanisms of pumping and hydrolysis. (A) “pumping-after-hydrolysis” mechanism.
Both monomers are in the resting state (a). With the addition of PP, one monomer binds PPi and undergoes a
conformational change to a closed state, while the other remains open (b). Next, the nucleophilic attack of a
water molecule on PP;i releases a chemical proton, which electrostatically displaces the H'/Na* ion bound to
the Glu residue. The H/Na™ ion then translocate into the exit channel (c); Finally, the Pi product is released
from one monomer, and the other one became capable of initiating its own activity upon binding PP; (d). (B)
“pumping-before-hydrolysis” mechanism. Both monomers are in the resting state (a). H/Na* from medium
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or preceding hydrolysis events rapidly crosse one monomer of mPPase, and the negative charges generated
by ion pumping trigger the hydrolysis of PP; in the same monomer (b). The Pi product binds to one monomer
(c). Finally, Pi product is released, enabling the other one monomer became catalytically competent upon PP;
binding (d). The active site status is defined by shape.

1.5 MPPase inhibitors against protozoan parasites

Protozoan parasites, such as Plasmodium spp., Leishmania spp., and Trypanosoma spp.,
present significant global health challenges. Climate change is accelerating the spread of
insect vectors into new regions, thereby increasing the risk of severe, life-threatening
diseases in the coming years®. In 2022, an estimated 249 million malaria cases, 0.7-1
million cases of leishmaniasis, and 67 million cases of Chagas disease were reported®.
Moreover, current treatments are often costly and associated with severe side effects,
limiting their accessibility in low-resource settings. The combination of drug resistance,
limited treatment options, and expanding disease transmission underscores the urgent need
for novel, affordable, and effective therapeutic strategies to combat these devastating
diseases.

As discussed above, mPPases are found in eukaryotic protozoan parasites (see 1.2), but are
absent from multicellular animals, making them attractive drug targets. To date, no
approved drugs specifically targeting mPPase function in parasites are available. Our
research focuses on identifying non-phosphorus-based inhibitors, as non-hydrolysable PP;
analogues can be recognized by human inorganic pyrophosphatases, which also utilize PP;®.
Our collaborators, Johansson and co-workers, identified three scaffolds from a proprietary
library: benzothiazoles, isoxazoles, and pyrazolo[ 1,5-a] pyrimidines®*7-%®, These scaffolds,
which contain heterocycles with nitrogen, oxygen, and/or sulphur in five- or six-membered
rings (Table 4), served as the initial fragment screening hits for synthesizing several
compounds. The synthesized compounds were subsequently evaluated for their inhibitory
effects on TmPPase by measuring its hydrolytic activity to determine ICso values. The most
potent compound identified so far is ATC, a benzothiazole derivative, with an ICso of 1.7
uM?>. However, ATC shows no activity against PfPPase®. Based on homology modelling,
this lack of efficacy is attributed to structural differences in the binding region, particularly
in loop6-7 and loop12-13, where ATC; is positioned. Notably, loop6-7, which contributes
two-thirds of the binding interface, is significantly shorter in PfPPase, impairing the
effective binding of ATC. Apart from ATC, three isoxazole-based and three pyrazolo[1,5-
a)] pyrimidine-based inhibitors exhibit ICsy values below 10 pM®”-%8, In this thesis, part of
the research was dedicated to assessing the inhibitory activity of various scaffold
compounds against PfPPase.
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Table S. The inhibitory activity of representative compounds against TmPPase

ICso
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1.6 The approach to structural and conformational
investigation

Understanding protein mechanism requires integrating static structures with dynamic
conformations, necessitating the use of diverse biochemical and biophysical tools. The rapid
advancement of software has further propelled these studies. In this thesis, I provide a brief
overview of four key approaches employed in the structural studies.
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1.6.1 1Double electron-electron resonance spectroscopy

Double electron-clectron resonance (DEER), also known as pulsed electron double
resonance (PELDOR) spectroscopy, is a powerful technique for measuring precise inter-
spin distances between spin-labelled sites in biomolecules®®-”!. DEER is highly effective for
studying the structure, dynamics, and conformational states of integral membrane proteins,
such as ion channels, transporters, outer membrane proteins, and receptors, within their
native environments’>78, It serves as a valuable complement to structural biology techniques,
especially for studying flexible, multi-state, or membrane-embedded systems that cannot be

fully captured by static methods”-%2,

Paramagnetic spin labels (e.g., MTSSL or other nitroxide probes) are introduced at specific
cysteine residues within the protein using site-directed mutagenesis (Figure 6A-B)3334,
Continuous wave electron paramagnetic resonance (CW EPR) spectroscopy is then used to
confirm the successful incorporation of spin labels and assess their mobility (Figure 6C)3*8,
In the subsequent PELDOR/DEER experiment, the sample is recorded to optimize the
frequencies of the pump and detection pulses (Figure 6D)%’. By applying two distinct
microwave frequencies, specific subpopulations of spin centres within the sample are
selectively excited, allowing them to function as either pump spins or observer spins. During
the actual DEER experiment, the detection pulse sequence generates an electron spin echo
signal, referred to as the “refocused echo” (Figure 6E). If a dipole-dipole interaction exists
between the pump and detection pulse, the pump pulse sequence (blue square in Figure 6E)
induces oscillations in the refocused echoes, producing the PELDOR/DEER “time trace”
(Figure 6E). These recorded time traces are then converted into distance distributions
(Figure 6F) using software such as DeerAnalysis and ComparativeDeerAnalyzer, which
apply Tikhonov regularization, or DeerNet, which utilizes a deep neural network trained on
simulated DEER datasets to automatically extract distance distributions®®-%°,
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Figure 6. Workflow of measuring of inter-spin distances. (A) Two residues within a detectable distance
are selected for spin labeling. (B) Spin labels are attached to two cysteine residues in buffer. (C) cwEPR is
used to assess spin labeling efficiency and probe label mobility. (D-F) Workflow of a DEER experiment.
Adapted from Lan ef al. and Peter ef al.*>%", and illustrated using BioRender.

14



1.6.2 X-ray crystallography

X-ray crystallography is a fundamental technique for determining the three-dimensional
(3D) structures of proteins at atomic resolution by recording the diffraction of an incident
X-ray beam into different directions after hitting the sample®. This method provides critical
insights into enzyme mechanisms, ligand interactions, and macromolecular conformations,
making it valuable for drug discovery, molecular biology, and biophysics. The process
begins with protein crystallization, in which protein molecules arrange into a highly ordered
periodic lattice. This organization is essential because X-ray diffraction relies on the
coherent scattering of photons. Unlike individual protein molecules, which produce weak
and incoherent scattering signals, a well-ordered crystal amplifies these scattered signals,
significantly improving the signal-to-noise ratio. Additionally, crystallization eliminates the
complexities associated with random molecular orientations, which would otherwise
complicate data analysis®.

Successful 3D structure determination via X-ray crystallography depends on obtaining well-
ordered crystals, where protein molecules adopt a periodic and highly structured
arrangement. Various crystallization techniques are employed to achieve this, with vapor
diffusion (hanging and sitting drop) and lipidic cubic phase (LCP) methods being among
the most widely used®-*2. Vapor diffusion is commonly applied to all proteins, whereas LCP
crystallization is specifically designed for membrane proteins, which require a lipidic
environment to maintain their native conformation. The choice of crystallization method
depends on factors such as protein solubility, stability, and buffer conditions, often requiring
extensive optimization to achieve diffraction-quality crystals®!*2,

Once a well-ordered crystal is obtained, it is subjected to a high-intensity X-ray beam. As
the X-rays penetrate the crystal lattice, they interact with the electron clouds surrounding
the atoms, causing elastic scattering (Figure 7A). While most scattered waves undergo
destructive interference and cancel each other out, constructive interference occurs at
specific angles, producing a diffraction pattern®>. This pattern contains critical information
about the electron density distribution within the crystal. The relationship governing the
diffraction pattern is mathematically described by Bragg's Law, which correlates the X-ray
wavelength, the angle of the incident beam, and the spacing between lattice planes in the
crystal®.

While x-ray diffraction provides essential structural information, the recorded diffraction
patterns alone are incomplete because X-ray detectors capture only the intensities of
scattered beams, not their phases—a fundamental challenge known as the phase problem?+%3,
Without phase information, reconstructing an accurate electron density map is impossible,
making phase determination a critical step in X-ray crystallography®*%>. Several approaches
have been developed to address this issue. Molecular Replacement (MR) is the most
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commonly used method, relying on an existing structural model to estimate initial phases,
which are then refined to fit the experimental data®. Alternatively, experimental phasing
methods, such as Multiple Isomorphous Replacement (MIR) and Single/Multiple-
wavelength Anomalous Dispersion (SAD/MAD), involve introducing heavy atoms into the
crystal to estimate phase differences®®-8,

Following phase estimation, an electron density map is generated through Fourier
transforms, representing the spatial distribution of electrons in the crystal (Figure 7B).
Model building involves fitting atomic coordinates into the electron density map, a process
facilitated by COOT®. Refinement algorithms are then applied to minimize discrepancies
between the model and the experimental data. Programs such as PHENIX optimize atomic
coordinates, B-factors (atomic displacement parameters), and occupancy values, improving
overall structural accuracy (Figure 7C)'%. The final structure is validated using metrics
such as the Ramachandran plot, which ensure stereochemical accuracy and structural
quality'°l,
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Figure 7. Workflow of solving a protein structure using crystallography. (A) Crystallized protein is
exposed to X-ray radiation, and the diffraction pattern is captured, containing intensity data. (B) Intensity-
based amplitude data is combined with phase information to generate an electron density map. (C) A structural
model is built into the electron density, creating an atomic-level representation of the macromolecule.
Throughout the process, the model is iteratively refined to the original diffraction data to minimize overfitting.
Adapted from Srinivasan'®, illustrated using BioRender.

1.6.3 Cryogenic electron microscopy

Cryo-electron microscopy (Cryo-EM) has become a transformative technique in structural
biology, enabling researchers to determine the three-dimensional structures of biological
macromolecules at atomic resolution. Its ability to circumvent the need for crystallization
and visualize samples in their near-native states has made it an valuable tool for studying
dynamic protein complexes, membrane proteins, and large molecular assemblies'®®. Cryo-
EM operates on the principle of electron-matter interactions. A high-energy electron beam,
typically operating at 200-300 kV, is transmitted through a biological sample, and the
scattered electrons are recorded to generate a series of 2D projections'®. Unlike X-ray
crystallography, which requires crystalline lattices, Cryo-EM visualizes individual
molecules'®. This technique has revolutionized structural biology, particularly for large
macromolecular complexes and membrane proteins that are difficult to crystallize. However,
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biological samples are highly sensitive to radiation damage, necessitating the use of low-
dose electron beams. To reduce thermal motion and dehydration, the sample is embedded
in vitrified ice—a non-crystalline form of water—by rapid freezing in liquid ethane at
cryogenic temperatures (~77 K)!%51%_ This vitrification process prevents the formation of
ice crystals, preserving the structure of the molecules in a native-like environment!%.

Optimizing Cryo-EM sample preparation is critical for achieving high-resolution
reconstructions and depends on factors such as protein quality, buffer composition, and grid
selection (Figure 8)'%7. Significant advances have been made to ensure uniform sample
distribution on grids, particularly for challenging targets like membrane proteins'®,
Strategies include using continuous carbon or graphene-oxide grids, as well as adding

108 However, there is

secondary detergents to mitigate the effects of the air-water interface
no universal protocol suitable for every protein. Each sample requires tailored optimization

to address its unique properties and ensure the highest-quality data is obtained.

During Cryo-EM data collection, scattered electron waves produce images with inherently

)109.110 " To overcome these limitations,

low contrast and signal-to-noise ratio (SNR
thousands of particle images must be computationally averaged to reconstruct the 3D
structure using algorithms based on Fourier transforms and single-particle analysis!!!.
Following Cryo-EM data collection, multiple computational steps are performed to enhance
the signal and reconstruct the structure (Figure 8)!'2. The workflow begins with motion
correction, where algorithms such as MotionCor2 compensate for beam-induced motion,
aligning individual frames from dose-fractionated movies to stabilize the images''®. This is
followed by contrast transfer function (CTF) estimation, which corrects for phase distortions
caused by the lens aberrations and determines defocus values, quantifying the focal plane
displacement of electron beams relative to the specimen plane''*. Given that biological
samples have weak electron scattering contrast, defocus enhances image visibility!!4.
Software tools such as CTFFIND4, RELION and CryoSPARC are commonly used for CTF
estimation and correction, improving the accuracy of downstream structural analysis!!>-117,
Particle picking is then performed to extract individual particle images from the
micrographs. These particle images undergo 2D classification, where they are grouped
based on similar orientations, generating averaged 2D class images that improve the SNR.
The aligned particle images are subsequently used for 3D reconstruction by employing

computational algorithms such as RELION or CryoSPARC!>116,
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Figure 8. Workflow of the cryo-EM sample preparation and structure determination. Illustrated using
BioRender

1.6.4 Nanion SURFE2R N1

The Nanion SURFE?R N1 is an advanced electrophysiology platform designed to measure
the activity of electrogenic transporters, ion pumps, and other membrane proteins with
exceptional sensitivity. Developed by Nanion Technologies, it utilizes solid-supported
membrane (SSM)-based electrophysiology''®!! (Figure 9A), a highly specialized
technique that enables the precise detection of charge movements associated with
transporter function. This approach provides a label-free, high-sensitivity alternative to
traditional electrophysiological methods, making it ideal for studying ion channels,
transporters, pores and toxins!'?%-122,

unlike patch-clamp, which measures stationary currents by clamping voltage, SSM-based
electrophysiology measures transient currents driven by a substrate gradient'?*. As charged
molecules move, they generate a membrane potential, which is detected via capacitive
coupling (Figure 9B). Transport ceases when these potential reaches equilibrium with the
chemical gradient, causing the current to become transient! %117,

Proper sample preparation is essential for achieving reliable results with the Nanion
SURFE?R NI. Purified proteins are incorporated into synthetic lipid bilayers and then
removing the detergent via dialysis or bio-beads '*, allowing for the self-assembly of
proteoliposomes that mimic the native membrane environment. Once the sample is
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prepared, it is applied to the gold-coated sensor chip for immobilization (Figure 9C). The
sensor surface is activated to allow stable adsorption of membrane vesicles or
proteoliposomes, ensuring uniform attachment for optimal current detection''.

The data collection process begins with an initial baseline measurement, in which the system
records the resting signal of the sensors before applying substrates. Upon applying the
substrate, the transporter undergoes conformational changes, moving charged molecules
across the membrane and generating a transient current (Figure 9D). The recorded signals
are automatically digitized and stored, ensuring precise and reproducible measurements.
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Figure 9. The principles of SSM-based electrophysiology. (A) Proteoliposomes are adsorbed onto the solid-
supported membrane (SSM), forming a capacitively coupled system. Both the proteoliposomal membrane (P)
and the SSM can be characterized by their respective capacitance (C) and conductance (G). Electrogenic
transport leads to the accumulation of charge within the proteoliposomal membrane, which in turn induces a
corresponding charge displacement at the measuring electrode, enabling detection of transport activity. (B) A
close view of the interface of the SSM and the proteoliposomes. The accumulation of charge within the
proteoliposomes generates a measurable current. (C) Proteoliposomes bound to the SSM contribute to the
overall current signal. (D) Representative transient current responses observed in the output data. Adapted
from Bazzone et al.,'?, and illustrated using BioRender.
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2 Aim of Study

The focus of this project was to gain a deeper understanding of the mechanism in mPPases
and their conformational changes during the hydrolysis process. Additionally, the project
aimed to identify inhibitors targeting PfPPase using a combination of biochemical and
biophysical approaches.

The more specific aims were:

1. To understand the catalytic asymmetry and the “pumping-after-hydrolysis”
mechanism of mPPase in crystal and physiological conditions (study I and II).

2. To establish and characterize the expression and purification of PfPPase and its
enzymatic activity (study III).

3. To identify the nonphosphorus inhibitors with the potential for specific inhibition of
TmPPase and PfPPase (Study III and IV).
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3 Materials and Methods

DNA constructs (Table 5), cell lines (Table 6), experimental methods (Table 7) and
Software or programs (Table 8) that used in this thesis are listed in the table below. Full

details are given in papers I, II, III and I'V.

Table 6. List of constructs used in the thesis project.

Construct Vector Study
TmPPase (WT)-Hise pRS1024 -1V
TmPPase (T211C)-Hiss pRS1024 I
TmPPase(S525C)-Hise pRS1024 I
PfPPase-GS10-TEV-eGFP-Hiss pK503.9 1
PfPPase-GS10-TEV-Hiss pK503.9 1L, IV
Table 7. List of cell lines used in the thesis project
Cell line Manufacturer Culture media Study
Saccharomyces cerevisiae Yeast extract peptone LIV
strain BJ1991 dextrose (YPD) medium
Spodoptera frugiperda Thermo Fisher .
XPRESS med L 111
(SP) Scientific medium (Lonza)
Trichoplusia ni High Fi Th Fish
richoplusia ‘m igh Five e@o . isher XPRESS medium (Lonza) 1L 1V
(Hi5) Scientific
Table 8. List of experimental methods used in the thesis project
Experimental method Study
Protein expression and purification (TmPPase) I-1v
Protein expression and purification (PfPPase) 1, IV
Membrane extraction and detergent screening 11
TmPPase activity assay LI
PfPPase activity assay 1, IV
In-gel activity assay i
Crystallisation and structure determination L 1I
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EPR spectroscopy
Double Electron-Electron Resonance (DEER, or PELDOR) spectroscopy
Electrometric measurement
SDS PAGE
Native PAGE
SEC-MALS
Inhibitor screening

LI
-1V
I
I
I IL IV

Table 9. List of programs used in the thesis project

Program Reference

Phaser: Molecular replacement 126

Phenix: Model refinement
Coot: Model building »
The PyMOL Molecular Graphics System,

Version 3.0 Schrodinger, LLC.
127,128

100

Pymol: Visualization of structures

DeerAnalysis: DEER data analysis
ComparativeDeerAnalyzer: DEER data 128
analysis
MttslWizard: Prediction of distance
distribution between two sites
GraphPad Prism 10: Data analysis and

curve fitting

83

Prism 10

R3.6.3 and n-parameter logistic
regression (nplr) package: Determination 129 130
of ICso values

ImagelJ: PAGE analysis 131

I-1v

1L 1V

1

3.1 Methods in structural studies of PfPPase

3.1.1 Protein expression and purification

I designed two constructs for the PfPPase-BRIL fusion protein, one with

constructs include a tobacco etch virus (TEV) protease cleavage site and

transformed into E. coli DH10EMBacY and subsequently transfected into

Expression was harvested 48 h post-infection. PfPPase-BRIL was solubilized in

DDM+CHS and purified in GDN using immobilized metal affinity
(IMAC).
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a 32-amino-acid
linker between PfPPase and the C-terminal BRIL (PfPPase-BRIL C), and the other with an
18-amino-acid linker between PfPPase and the N-terminal BRIL (PfPPase-BRIL N). Both
a Hisio-tag. The
cloning, transformation, expression, and purification procedures were performed as
described in Study IIl. Briefly, His-tagged PfPPase BRIL in pK509.3 plasmids were
Hi5 insect cells.
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The expression and purification of BAKS followed the protocol developed by Mukherjee et
al.,'’*?. Plasmids encoding the BAKS5 synthetic antibody were kindly provided by Maria
Nikolova via material transfer agreement with Mukherjee et al,'*. E. coli BL21 Star™
(DE3) were transformed with the plasmids, and cells were cultured in Luria-Bertani (LB)
medium supplemented with 100 pg/ml carbenicillin. Protein expression was induced with
0.4 mM IPTG when the culture reached an ODsoo of 0.8. Cells were harvested by
centrifugation at 6000 % g for 30 mins at 7 °C.

Harvested cells were lysed using an EmulsiFlex C3 (Avestin) in 30 mL of lysis buffer
containing 20 mM HEPES-NaOH (pH 7.4), 500 mM NacCl, 1.33 mM DTT, 1.67 mM PMSF,
and one tablet of Pierce protease inhibitors (Thermo Scientific™). Cell debris was removed
by centrifugation at 6000 x g.

BAKS protein was purified using a Protein L column. The column was equilibrated with 20
column volumes (CV) of water, followed by 10 CV of running buffer (20 mM HEPES, pH
7.4, and 500 mM NaCl). The lysate was loaded onto the column, washed with 20 CV of
running buffer, and eluted with 0.1 M acetic acid and collected in 2 mL fractions. Each
fraction was transferred into tubes pre-loaded with 40 uL of 1 M HEPES-NaOH (pH 8.0),
adjusting the final buffer concentration to 20 mM HEPES-NaOH (pH 8.0). BAKS was then
concentrated to a maximum of 5 mg/mL using Amicon centrifugal concentrators (10 kDa
molecular weight cut-off, Millipore EMD), frozen in liquid nitrogen, and stored at -80 °C.

3.1.2 Formation of the PfPPase-BRIL/BAK5 complex

BAKS5 was thawed and mixed with freshly purified PfPPase-BRIL at a 1.5:1 molar ratio,
followed by incubation on ice for 2 h. The mixture was centrifuged at 25,000 x g for 30
mins at 4 °C to remove any precipitates. The SEC buffer contained 20 mM MES (pH 6.5),
50 mM KCI, 5 mM MgCL, 1 mM DTT, and 0.006% GDN. The SEC column was pre-
equilibrated with the SEC buffer before sample loading. The sample was separated using
either a Superdex 200 Increase 5/150 GL or a Superdex 200 Increase 10/300 GL column.
The flow rate was set at 0.05 mL/min for the 5/150 column and 0.25 mL/min for the 10/300
column Eluted protein factions were collected in 40 pL aliquots for the 5/150 column and
400 pL aliquots for the 10/300 column, followed by SDS-PAGE analysis.

3.1.3 Negative stain electron microscopy (EM)

Negative stain grids (300-mesh copper grids coated with carbon) were glow-discharged
using a Pelco Easiglow discharge unit at 10 mA for 30 s. A 5 ul Droplets of the protein
sample (0.01 mg/mL) was applied to each grid and incubated for 1 min. Excess sample was
quickly blotted off with filter paper, and the grids were washed twice with 10 pL drops of
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deionized water, followed by additional blotting. The grids were then stained with 8 uL of
1% uranyl acetate solution for 30 s before being blotted and air-drying for 3 mins at RT.

Grids were screened using a TEM Hitachi HT7800 microscope at 200 kV. Micrographs
were manually collected at 50, 000x magnification. CTF correction and particle picking
were performed manually in Scipion 3, followed by 2D classification using the same
software!3?,

3.1.4 Cryo-EM sample preparation

Cryo-EM grid selection was optimized using various grid types, including Quantifoil R
1.2/1.3 300 gold mesh, Au-flat R 1.2/1.3 300 gold mesh, C-flat R 1.2/1.3 gold mesh,
graphene oxide on Quantifoil R 1.2/1.3 copper mesh, and Quantifoil R 1.2/1.3 Plus C2 on
300 copper mesh grids. Glow discharge was performed using either a Pelco Easiglow
discharge unit (10 mA, 30 s) or via in-line glow discharge within the VitroJet system. For
grid preparation, 50 nL of a 0.5 mg/mL protein sample was applied to the glow-discharged
grids, and vitrified using the VirtroJet system, operated by Behnam Lak (University of
Helsinki, Finland). Additionally, 3 pL of protein samples at 2.5 mg/mL was mixed with 3
mM fluorinated Fos-Choline-8 (Anatrace) immediately before apllication to Au-flat R
1.2/1.3 300 gold mesh grids. These grids were prepared using the Vitrobot Mark IV (Thermo
Fisher) with a 6 s blotting time at 4°C with 80 % humidity.

3.1.5 Data acquisition and initial cryo-EM data processing

For grid screening, small-scale data collection was performed on a FEI TALOS Artica
electron microscope equipped with a Falcon 4i direct electron detector camera. Data were
acquired at a nominal magnification of 150,000%, corresponding to a pixel size of 0.97
A/pixel. A total of 100 micrographs per grid were collected within a defocus range of —1 to
-3 um, with a cumulative electron dose of 40 e /A2 Based on these results, the optimal Au-
flat R 1.2/1.3 300 gold mesh grid was selected for large-scale data collection. High-
resolution data acquisition was conducted using a Titan Krios electron microscope equipped
with a Falcon 4i direct electron detector operating in integrative mode at a resolution of 0.74
A/pixel and a nominal magnification of 165,000x. A total of 12,000 movies were acquired
with a defocus range of —1.2 to —2.4 um, a per- fraction dose of 1 e /A2 and a total
cumulative dose of 40 e /A2,

Cryo-em data processing was carried out using CryoSPARC 4.6, an integrated software
platform for single-particle cryo-em analysis!!6. Motion correction, CTF estimation, particle
picking, and 2D classification were all performed using CryoSPARC 4.6, ensuring an
efficient and streamlined workflow.
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4 Results and Discussion

4.1 Catalytic asymmetry in mPPase

We previously reported the asymmetric time-resolved crystal structures of TmPPase in the
presence of PP;*®8. In this study, we aim to determine whether the conformational changes
occurring during hydrolysis in a native-like environment are consistent with the asymmetric
mode observed in crystal structures. To address this question, we employed PELDOR
spectroscopy to measure the inter-spin distances in TmPPase in solution. Capturing these
conformational changes in the presence of the PP; presents a significant challenge, as the
cryo-trapping approach used in time-resolved crystallography is incompatible with
PELDOR measurements. To circumvent this limitation, we optimized the use of PP;
analogs, such as bisphosphonates, to mimic key stages of enzymatic hydrolysis and stabilize
potential asymmetric conformations for analysis.

4.1.1 TmPPase structures in complex with bisphosphonate

We obtained the crystal structures of TmPPase in complex with etidronate (ETD) and
zoledronate (ZLD) at resolutions of 3.2 A and 3.3 A, respectively. These structures provide
insights into the conformational changes induced by bisphosphonate binding.

The overall structure of the TmPPase:ETD closely resembles the resting state TmPPase:Ca
structure (PDB ID: 4AV3) with a RMSD/Ca of 0.46 A (Study I, Table S2). However,
unlike the fully open conformation, the TmPPase:ETD structure exhibits extra electron
density above the hydrolytic center in both monomers, allowing for partial modeling of
loop5-6 residues (Figure 10A). Structural superposition of monomers A and B highlights
significant asymmetry, with an RMSD of 1.44 A (Study I, Table S2), which is higher than
the 0.39 A RMSD observed between monomers in the resting state (Study I, Table S2).
Monomer B adopts a more constricted conformation, characterized by inward bending of
inner ring helices (TMH 11, 12, and 15) towards the active site and deeper insertion of
cytoplasmic loops (loops11-12, 13-14, and 15-16) into the active site (Figure 10A).

At the active site, ETD binding induces and stabilizes the movement of loop5-6 (Figure

10B), a feature also observed in the TmPPase:600s structure (Figure 4E). Notably, the
distinct orientations of ETD in the two active sites contribute to conformational differences
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between monomers A and B (Figure 10B). Two phosphonate groups separated by a central
hydroxyl-substituted carbon. In both monomers, the lower phosphonate group aligns with
the leaving-group phosphonate of IDP. However, the upper phosphonate groups adopt
different orientations in monomer A. ETDa is tilted by ~35.9° relative to IDP, whereas in
monomer B, ETDg remains nearly parallel. Consequently, ETDa and ETDg exhibit distinct
interaction profiles within the loop5-6 and the active site. In monomer A, loop5-6 extends
toward the active center, where it interacts with ETDa via E>76, mediated by a Mg?* ion
(Figure 10C). In contrast, in monomer B, loop5-6 interacts with ETDg via D377, also
mediated by Mg?* (Figure 10D). Additionally, in monomer B, D''%7, D239 and N!243
within TMH 11 and TMH 12 interact with ETDg via a water molecule, inducing a subtle
inward shift of these helices. This structural rearrangement results in a more constricted
conformation in monomer B.

A

‘ . ~ | A 7\
Figure 10 Structural asymmetry in TmPPase:ETD complex. (A) Superposition of chain A (cyan) and chain
B (wheat) showing the relative movements (black arrow) of helices. (B) Superposition of TMHS and TMH6
from TmPPase:ETDs and TmPPase:IDP (light blue; PDB: 5LZQ) showing the movement of loop5-6 and
reorientation of ETDa, ETDg and IDP. Dashed lines show the interaction of E>7® of loop5-6 in Chain A with
ETDa ; Close-up view of IDP superposed with ETDa and ETDs. (C) Residues in the active site with ETDa
coordinated (dashed lines), Ca*" (pink sphere) and nucleophilic water (red spheres) in a Mg?" metal cage (green
spheres). (D) Residues in active site with ETDs coordinated (dashed lines), Ca?* (pink spheres) and water (red
spheres) in a Mg?* metal cage (green spheres).
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In contrast, the TmPPase:ZLD structure adopts a more closed conformation in both
monomers, with an RMSD/Ca of 0.51 A (Study I, Table S2), closely resembling the
TmPPase:IDP structure (RMSD/Ca of 0.76 A). The most notable distinction between these
structures lies in the active site, where the TmPPase:ZLD structure does not achieve fully
closure (Figure 11A). Specifically, the tunnel extending from the hydrolytic centre to the
cytoplasmic opening remains open, in contrast to the fully sealed tunnel observed in the
IDP-bound structure (Figure 11B). This discrepancy is likely arttributed to the bulkier
heteroaryl group of ZLDs, which induces an outward displacement of TMH 11, 12, and 15
on the cytoplasmic side (Figure 11C-D), thereby preventing complete closure at the active
site. Moreover, although the arrangement of TMHs in the ion gate is structurally similar to
that in TmPPase:IDP (Study I, Fig. EV7C), no electron density corresponding to Na* was
detected in the ion gate of the TmPPase:ZLD structure. This absence is particularly notable
given that the TmPPase:ZLD structure was resolved at a higher resolution (3.26 A)
compared to the IDP-bound structure (3.5 A).

A B

ZLD

IDP

TMH-15 TMH-11 TMH-12 TMH-15

Figure 11. Comparison of the TmPPase:ZLD and TmPPase:IDP structures in the active site. (A) Cross-
section view of the active site in TmPPase:ZLD (pink). (B) Cross-section view of the active site in
TmPPase:IDP (cyan). (C) Superposition of TMHI11, TMHI12 and TMHI15 in TmPPase:ZLD and
TmPPase:IDP showed the movement of the hydrolytic centre and the orientation of ZLD and IDP.
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Overall, the two newly solved bisphosphonate-bound TmPPase structures adopt a
conformation that is neither fully open nor closed, differing from those obtained under other
conditions, such as with IDP or Ca?*". The TmPPase:ETD structure further supports the
asymmetric binding mode in TmPPase. However, ETD is positioned above the hydrolytic
center (Figure 10B) and is unable to descend further due to the presence of Ca** in the active
site (Figure 10C, D), similar to what is observed in the TmPPase:Ca structure (PDB ID:
4AV3). As a result, although ETD induces an asymmetric conformation, partial closure of
loop5-6, and contributes to some stabilization, the overall arrangement of the inner and outer
helices remains more closely resembles the open state rather than the fully closed
conformation. To investigate how TmPPases behave under more physiologically relevant
conditions, we utilized DEER spectroscopy to measure conformational dynamics in
solution, both in the absence/presence of bisphosphonates.

4.1.2 Determination of dynamic changes in TmPPase in solution

To track conformational changes across the membrane without compromising enzymatic
activity, we introduced cysteine mutations at three selected sites: S525 (located at the
periplasmic side), C599, and T211 (both located at the cytoplasmic side). Dr. Anokhi Shah
and coworkers spin-labeled them with MTSSL, denoted as R1 (C599R1, S525R1, and
T211R1), to monitor diploe-dipole interactions between the MTSSL labels. In addition, we
generated in silico distance distribution predictions for C599R1, S525R1, and T211R1 using
MtssIWizard®3, based on TmPPase crystal structures bound to different ligands (Figure 12).
Here, we refer to the conformation of the TmPPase:IDP structure as ‘closed’ at both sides,
even for residues not in the active site, for residues as in the TmPPase:Ca structure as ‘open’
at both sides. Our asymmetric model has, for instance, S525(A) ‘closed’ but S525(B) ‘open’.

C599R1 Cytoplasm

Membrane

Periplasm

TmPPase:IDP Asymmetric model TmPPase:C
mrFase: TmPPase:IDP(A)_Ca(B) mrrase:ta

Figure 12. Predicted distance distribution for labeled sites. Symmetric structures (TmPPase:IDP (PDB:
5LZQ), asymmetric model (TmPPase:IDP(A) Ca(B)), and TmPPase:Ca (PDB: 4AV3) of TmPPase. The sites
mutated and labeled with MTSSL are shown as spheres: T211R1 (cyan) and C599R1 (maroon) are located on
the cytoplasmic side (top), and S525R1 (maroon) is on the periplasmic side (bottom) of the membrane.
Distances between spin-labeled pairs are indicated by dashed lines, matching the color of the corresponding
spheres.
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C599R1 dimer generated high-quality DEER trances under all eight conditions (apo, +Ca,
+Ca/ETD, +ETD, +IDP, +ZLD, +Pamidronate (PAM), +Alendronate (ALE) )(Figure
13A). The prominent dipolar oscillations observed in the raw DEER data were background-
corrected using DeerAnalysis2022% (Figure 13B) and then converted into distance
distribution. These distributions were overlaid with predicted ones derived from solved
structures (Figure 13C). Across all conditions, the modal DEER distance distribution is
approximately 5.8 nm, which is longer than the predicted 4.8 nm distance derived from the
TmPPase:IDP structure — where both monomers are closed, and significantly shorter than
the predicted 6.6 nm distance for the TmPPase:Ca and TmPPase:ETD structures, in which
both monomers are open. Instead, the measured 5.8 nm distance aligns closely with the
asymmetric model, termed TmPPase:IDP(A) Ca(B), supporting an asymmetric closed-
open state of TmPPase on the cytoplasmic side in solution. A shoulder and small peak at ~5
nm, seen in the presence of IDP and ETD, are consistent with the predicted distance for the
TmPPase:IDP structure (Figure 13C), where both monomers are in a fully closed
conformation. We interpret this as representing a population in which IDP or ETD binds to
both active sites, leading to a closed—closed conformation at the cytoplasmic side. This
interpretation is consistent with structural data and the mechanism of substrate
inhibition*®°. In this scenario, the substrate occupies the second active site, reducing
enzymatic activity and promoting a fully closed state in both monomers. Of course, we
cannot completely exclude the possibility that the monomers adopt an intermediate state,
leading to a distance distribution similar to that of the hybrid asymmetric structure under
apo, +Ca, and +Ca/ETD conditions, but it is not consistent with the presence of shoulders
in the IDP and ETD data, and with the major peak seen in the IDP, ETD and ZLD data.
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Figure 13. DEER distance distributions of TmPPase S525R1 under different conditions. (A) DEER raw
data traces for C599R1. Each condition is labelled, and the raw data are colour-coded, with the background



function indicated as solid black lines. (B) DEER background-corrected time-domain traces for C599R1,
respectively. The vertical black dashed line represents the minimum of the first oscillation in the apo state and
aids visualisation to highlight the shifts in the oscillation minimum under different conditions. (C) Distance
distributions of C599R 1. The in-silico distance distribution corresponding to each spin pair modelled onto the
asymmetric hybrid structure (TmPPase:IDP(A) Ca(B)) is shown at the top as a solid black line, with the modal
distance shown as a vertical dashed line. /n silico predicted distance distributions for each condition, modelled
using the solved structures (TmPPase:Ca, TmPPase:ETD (PDB 9G8K), TmPPase:ZLD (PDB 9G8J), and
TmPPase:IDP) are presented as coloured dashed lines overlaying the experimental distributions. The shaded
regions represent the 95% (20) confidence interval of the distributions, and the colour bars represent an
assessment of the reliability of the distributions. The probability density within the green region indicates the
mean distance, width, and peak shape are all reliable; the probability density within the yellow region indicates
the mean distance and width are reliable; the probability density within the orange region indicates that the
mean distance is reliable; the probability density within the red region indicates no quantitation is possible.

The S525R1 dimer also produced high-quality DEER traces, enabling precise resolution of
inter-spin distance variations under different inhibitor conditions (Figure 14A). Although
the observed changes were small, they were statistically significant in the raw data®?8>87.134,
Background correction of the DEER traces was performed using DeerAnalysis20228%8
(Figure 14B). In the apo state, the modal distance was measured at 3.8 nm with broad
distribution, which decreased to 3.6 nm upon the addition of Ca?*, consistent with the
predicted distances derived from the TmPPase:Ca structure (Figure 14C). When both Ca?*
and ETD were present, the modal distance increased slightly to 3.7 nm, aligning with
predictions for TmPPase:ETD structure. The addition of ETD alone (without Ca?") resulted
in an increased modal distance of 3.9 nm (no structure is available for ETD only condition).
IDP induced the increasing of the modal distance distribution to 4.0 nm, shorter than the
predicted value based on the TmPPase:IDP structure (4.3 nm). In contrast, ZLD produced
the shortest modal distance (3.4 nm), significantly deviating from the prediction generated
by MtsslWizard (4.3 nm). Meanwhile, with the addition of PAM and ALE, the resulting
distributions show modal distances of 4.1 nm and 4.3 nm (no structure available),
respectively. Since we do not have structures for their complexes with TmPPase, their
orientation in the active site remains unknown.

Given the narrower distance range from 3.6-4.0 nm, which resembles both asymmetric (i.e.
closed-open) and apo/Ca" state (i.e. open-open) models at the periplasmic side. We
employed Bhattacharyya coefficients!®> to evaluate which model best fits the S525R1
DEER data. The values are as follows: +Ca = 0.98 (apo), 0.90 (asymmetric model); +IDP
=0.97 (apo), 0.98 (asymmetric model); +ETD = 1.0 (apo), 0.97 (asymmetric model); +ZLD
=0.95 (apo), 0.84 (asymmetric model); +Ca/ETD = 0.98 (apo), 0.91 (asymmetric model).
The calculation of Bhattacharyya coefficients for the 525R10f +PAM and +ALE conditions
are not available, as the data were recorded on a different instrument with a non-comparable
x-axis. These coefficients for S525R1 indicate that the apo-state (i.e. open-open) model
provides a better fit to the experimentally derived distributions for +Ca, +Ca/ETD, +ETD,
and +ZLD. In contrast, the asymmetric (i.e. closed-open) model better describes the
experimental data for +IDP. Higher Bhattacharyya coefficient values (closer to unity)
indicate greater overlap, which here is used as a proxy for model agreement.
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Figure 14. DEER distance distributions of TmPPase S525R1 under different conditions. (A) DEER raw
data traces for S525R1. Each condition is labelled, and the raw data are colour-coded, with the background
function indicated as solid black lines. (B) DEER background-corrected time-domain traces for S525R1,
respectively. The vertical black dashed line represents the minimum of the first oscillation in the apo state and
aids visualisation to highlight the shifts in the oscillation minimum under different conditions. (C) Distance
distributions of S525R1. The in-silico distance distribution corresponding to each spin pair modelled onto the
asymmetric hybrid structure (TmPPase:IDP(A) Ca(B)) is shown at the top as a solid black line, with the modal
distance shown as a vertical dashed line. In silico predicted distance distributions for each condition, modelled
using the solved structures (TmPPase:Ca, TmPPase:ETD (PDB 9G8K), TmPPase:ZLD (PDB 9G8J), and
TmPPase:IDP) are presented as coloured dashed lines overlaying the experimental distributions. The shaded
regions represent the 95% (20) confidence interval of the distributions, and the colour bars represent an
assessment of the reliability of the distributions. The probability density within the green region indicates the
mean distance, width, and peak shape are all reliable; the probability density within the yellow region indicates
the mean distance and width are reliable; the probability density within the orange region indicates that the
mean distance is reliable; the probability density within the red region indicates no quantitation is possible.

Unlike 525R1, the lack of oscillations in the raw DEER data (Figure 15A) and increased
spin label mobility observed by CW-EPR (Study I, Figure EV9A) for T211R1 resulted in
broad distributions under all conditions (Figure 15B-C), reflecting the high mobility of
loop5-6. This observation is consistent with the absence of partial density for loop5-6 in
structural data (Figure 10A). The apo, Ca®*, and Ca*/ETD conditions showed similar
distributions, while the addition of ETD or IDP resulted in shorter modal distances,
indicating the closure of the active site. However, these distances were longer than the
predicted distance in TmPPase:IDP structure, where both active sites are fully closed. In the
presence of ZLD, the distribution shows a contribution from longer distances within the
conformational ensembles, deviating from the predicted distances in the TmPPase:ZLD
structure. Due to the featureless raw DEER data recorded for T211R1 and the resulting
broad distance distributions, we refrain from further interpreting conformational changes
based on this mutant.
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Figure 15. DEER distance distributions of TmPPase T211R1 under different conditions. (A) DEER raw
data traces for T211R1. Each condition measured is coloured according to the condition used. (B). DEER
background-corrected time-domain traces for T211R1. (C) Overlap between predicted and experimental
distance distributions for T211R1. The predicted distance distributions derived from solved crystal structures
(TmPPase:Ca, TmPPase:Ca:ETD, TmPPase:ZLD, and TmPPase:IDP) are shown as dashed lines and overlaid
with the corresponding DEER-derived distance distributions under each condition. Grey-shaded areas indicate
the uncertainty associated with the DEER distributions. All data were processed using DeerAnalysis2022.

Overall, our DEER experiments highlight the asymmetric binding mode of TmPPase in
solution and distinct inhibitor-specific effects on the conformational landscape, resulting in
various closed-open configurations. IDP induces a closed-open state on both sides of the
membrane, consistent with the presence of Na' in the ion gate'¥, while ETD and ZLD
generate a closed-open state on the cytoplasmic side, but an open-open states on the
periplasmic side, consistent with no Na* in the ion gate (Figure 17, Study I, Figure EV7).
Collectively, the combination of X-ray crystallography and solution-state DEER data
allowed us to propose models outlining the conformational changes triggered by different
compounds.

4.1.3 Conformational ensembles of TmPPase in solution

We proposed four asymmetric models to clearly illustrate the apo/-Ca/+Ca:ETD-state
(model 1) and to highlight the distinct binding patterns of various inhibitors (ETD, ZLD and
IDP; models 2-4) (Figure 16). Model 1 depicts an asymmetric state at the cytoplasmic side
under apo, +Ca, and +Ca/ETD conditions. Loops5-6 are highly flexible, consistent with the
broad distribution observed in DEER data for T211R1 and the absence of electron densities
in the corresponding regions of the crystal structures. The periplasmic side remains in the
‘open-open’ state, with distance distribution largely unchanged from ~3.5 to 3.7nm, and
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TMH 12 and TMH 16 positioned ‘up’, in agreement with the solved structures*’. Model 2
describes the structural response to ETD binding. C599R1, located on TMH14, reports a
‘closed-open’ state, with ligand binding to just one active site. However, the modal distance
distribution of ~ 3.9 nm observed at S525R1, along with the corresponding Bhattacharyya
coefficient, indicates the absence of a complete conformational change on the periplasmic
side, which remains in an ‘open-open’ state. Model 3, corresponding to ZLD binding,
features the bulky heteroaryl group of ZLDs pushing the TMH 12 away (Figure 11C),
resulting in a ‘partially closed — open’ state at the cytoplasmic side. In solution, this bulky
group further hinders conformational changes on the periplasmic side, maintaining an
‘open—open’ state by preventing the full downward movement of TMH12 and TMH16'447.
Model 4, with IDP, induces a ‘closed-open’ state at the cytoplasmic side, again with ligand
binding to just one active site. Importantly, IDP also drives a full downward movement of
TMH 12 in one monomer, reflected in an increased distance distribution (~4.0 nm) at
S525R1. This conformational shift results in an asymmetric conformation at the periplasmic
side, while the other monomer remains open, consistent with the hybrid ‘closed-open’
structure of TmPPase:IDP(A) Ca(B).

Loops.s mobile closed open partially closed ~ open dlosed open

~ ~

Cytoplasm

Periplasm *
p12-13

open  open open open open open closed open

TmPPase:Ca?/ETD:Ca?/apo TmPPase: TmPPase: TmPPase:|DP
(Model 1) (Model 2) (Model 3) (Model 4)

Figure 16. Models based on DEER distance distributions for TmPPase C599R1, S525R1, and T211R1.
Four DEER models showing major conformational ensembles of TmPPase in solution. Two monomers are
colored purple and green, respectively. All TMHs are shown in brown; mobile loop5-6 is indicated by a black
dashed line, while fixed loop5-6 and loop12-13 are indicated by a solid black line; The labelling sites are
represented by maroon spheres. Ca?* is shown as a magenta circle; IDP is shown as purple squares; ETD as
cyan squares connected by a cyan stick; ZLD as an orange pentagon.

To validate the presence of subtle conformational differences at the periplasmic side, we
further assessed Na*-pumping activity under ETD, ZLD, and IDP conditions. As previously
discussed, the complete downward movement of TMH12 facilitates the formation of the ion
gate required for Na* capture. Therefore, the membrane potential generated during pumping
can serve as an indicator of whether only IDP induces a 'closed—open' conformation at the
periplasmic side.
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4.2 Pumping-after-hydrolysis mechanism

We performed electrometric measurements using solid-supported membrane-based
electrophysiology'?® on TmPPase to investigate the energy coupling between PP; hydrolysis
and Na® pumping. These experiments aimed to address key questions regarding the
sequence of ion transport and hydrolysis in mPPase, as well as to validate DEER models.
This measurement quantified the total currents generated as Na* crossed the membrane
through reconstituted TmPPase at RT. KoHPO4 was used as a negative control, and no
significant signal was observed, indicating no ion-pumping event occurred (Figure 17A).
A maximum positive signal of 0.6 £ 0.025 nA was detected following the addition of 100
uM substrate K4PP;. Replacing K4PP; with IDP resulted in a reduced current signal,
approximately 50% of the K4PP; signal. Substituting IDP with ETD or ZLD further
diminished the response, with signals becoming barely detectable.
A

Activating buffer Non-activating buffer

0.6 100 M KPP,
| 50 M IDP
| 50 uM ETD

| 50 uM ZLD
200 uM K,HPO,
N

R

{ T T r
10 15 20 25 3.0

Time (s)

Current (nA)

/

Figure 17. Transient currents of TmPPase Na* pumping and ion gate of TmPPase structures. (A) Curve
of Na* pumping current triggered by 100 uM of K4PP;, 50 uM of IDP, 50 uM of ETD, 50 uM of ZLD, and
200 uM of KoHPOs. The vertical black dashed line represents the addition of activating buffer and non-
activating buffer. (B-D). lon gate of TmPPase:ETD (cyan); TmPPase:ZLD (green); TmPPase:IDP (purple).
The black arrows show the movement of residues of D'64¢ and K'¢-°,

In our previous study'®, we found that IDP induced membrane potential changes similar to
PPj; however, the total proton current signals in the presence of IDP was significantly lower
than that observed with PP; in VrPPase, where the IDP-induced signal was an order of
magnitude lower than that of PP;. There are three possible interpretations for this reduction,
each supporting different mechanisms: 1. Ion pumping can occur without hydrolysis, but it
cannot sustain multiple turnover events compared to PP;, leading to reduced signals. 2.
Partial ion translocation in the membrane, rather than a complete single turnover event,
resulted in the weaker signal. 3. The signal originates from a mere reorientation of charged
amino acids in functional regions, rather than ion translocation. The first interpretation was
ruled out by the recent work of Baykov et al.,%? whose stopped-flow pyranine assay
demonstrated that proton pumping occurs exclusively in the presence of PP;. This was
indicated by the fluorescence decrease of the pH-sensitive dye pyranine under PP;
conditions. In contrast, the addition of IDP or bisphosphonates failed to produce a similar
fluorescence change, suggesting no proton pumping occurred.
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In our this Nanion SURFE2R experiment, the observed reduction in Na* current with IDP
(compared to PP;) can be attributed to the second mechanisms. This observation, combined
with the TmPPase:IDP crystal structure, which reveals a Na* ion at the ion gate, suggests
that IDP binding can induce Na* translocation to the ion gate, but its release requires PP;.
The weak current signals observed for ETD and ZLD, together with their bound structures,
where no Na* was observed at the ion gate (Figure 17B-C), suggest that these signals likely
arose from the reorientation of charged amino acids rather than actual ion translocation.
Overall, our electrometric data are consistent with the findings of the stopped-flow pyranine
assay by Baykov et al.,% further supporting the "pumping-after-hydrolysis" model, which
posits that full ion pumping requires the substrate Mg.PP;. Moreover, our results
demonstrate that subtle conformational changes at the periplasmic side are critical for
enabling the complete downward movement of TMH 12—a structural rearrangement
necessary for Na* ions to reach the ion gate. Accordingly, the 4.0 nm DEER distance
observed at S525R Isites in the IDP-bound sample likely represents the minimal structural
configuration required for efficient Na* translocation.

4.3 Characterization of mPPase from Plasmodium
falciparum

So far, the structures of thermostable mPPases, including TmPPase, VrPPase, and PaPPase,
as well as potential inhibitors against TmPPase, have been well characterized. In contrast,
structural information on parasitic mPPase and their corresponding inhibitors remains
limited. Moreover, translating these inhibitors into therapeutic applications requires testing
on purified parasitic mPPase rather than relying solely on TmPPase as a model, due to
pharmacological differences, as previously demonstrated®. In this project, we focus on the
expression and purification of type 1 mPPase from Plasmodium falciparum (PfPPase),
which is essential for ring-stage development and the transition to the trophozoite stage of
the parasite'3® We first optimized an express system suitable for PfPPase, using an
baculovirus/insect cell system, where Hi5 cells showed eightfold higher PfPPase expression
levels than Sf9 cells (Study II1, Figure 1), while other express systems failed. PfPPase was
subsequently solubilized in a mixture of 1% DDM with 0.2% CHS within 6 h, achieving
the highest yield of 88% (Figure 18A-D). Purification using IMAC yielded 0.3 mg per liter
of PfPPase (Figure 18E).
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Figure 18. Detergent solubilization screening of Hi5 expressed His-tagged PfPPase fused with a C-
terminal GFP and SDS-page of PfPPase (A) The in-gel fluorescence shows the solubilization efficiency of
PfPPase from the following detergents: 1% DDM, 1% DDM + 0.2%CHS, 1% GDN, 1% LMNG, 1% OG, 1%
CYMAL-4, and 1% CYMAL-5. (B) The in-gel fluorescence shows the solubilization efficiency of PfPPase
over time. (C, D) The ratio of band intensities of solubilized protein (SP) to total protein (TP) was analyzed
using Sapphire FL and solubility percentage was calculated using Imagel. (E) The GFP fluorescence and the
Coomassie stained SDS-Page showing the purified PfPPase in DDM.

4.3.1 The effect of detergents and C-terminal fusion on the
activity of PfPPase

Although DDM is the most effective detergent for solubilizing PfPPase, GDN and LMNG
better preserved its enzymatic activity better (142 + 7 nmol-ug'min'; 120 + 3
nmol-pug'-min') compared to DDM (103 + 2 nmol-pg'-min") (p < 0.0001) (Figure 19).
This improved activity retention is likely due to the stronger detergent-detergent interactions
in GDN'3’, reducing protein aggregation. Similarly, LMNG, composed of two DDM-like
molecules, provides greater hydrophobic surface coverage for membrane proteins,
enhancing “stability'3”. Therefore, exchanging DDM for GDN or LMNG during purification
improves downstream applications.
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Figure 19. In-gel fluorescence and Coomassie-stained SDS-page of PfPPase. (A) The GFP fluorescence
and the Coomassie stained SDS-Page showing the purified PfPPase in DDM, GDN, and LMNG. (B) The bar
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chart showing the specific activity of PfPPase in DDM (103 + 2 nmol-pg'-min™'), GDN (142 + 7 nmol-ug
I-min") and LMNG (120 + 3 nmol-pg!-min") (p < 0.0001).

To monitor PfPPase expression, a GFP tag was fused to its C-terminus'*%. However, the

GFP tag could not be cleaved (Study III, Figure S1). To address this, we designed,
expressed, and purified a GFP-free construct using the same methods as those used for the
GFP-tagged PfPPase (Study III, Figure 5). Activity assays revealed that the GFP-free
construct exhibited threefold higher activity (520 = 13 nmol-ug!-min!) than GFP-tagged
PfPPase. This increase suggests that the C-terminal GFP tag may interfere with loop and
helix movement near the exit channel disrupting the half-of-the-sites reactivity*®. This
mechanism relies on intra-subunit communication, particularly, a positive charge at A'246
(in K*-dependent mPPase) or K!>4° (in K*-independent mPPase)*®. In the presence of K,
the downward motion of TMH12 in monomer A is necessary for triggering conformational
changes at the dimer interface, mediated by exit-channel loop12-13 moving toward the
dimer interface to activate hydrolysis in monomer B%. If this process is disrupted. For
instance, the allosteric inhibitor ATC binds to the TmPPase exit channel via loop6-7, loop8-
9, and loop12-13, effectively locking intra-subunit communication and reducing activity 3.
Additionally, the conserved total length of exit channel loop8-9 and loop10-11 suggests that
they may also contribute to enzymatic activity through an as-yet-unknown mechanism*®,
Overall, the reduced activity of PfPPase with a C-terminally fused GFP further highlights
the importance of conformational rearrangements in the exit channel during hydrolysis.

4.3.2 Determination of oligomer state of PfPPase

All mPPases characterized so far function as homodimers. To investigate whether PfPPase
is also active in a dimeric state, we performed an in-gel CN activity assay. Coomassie-
stained CN PAGE revealed two distinct bands for PfPPase, whereas TmPPase appeared as
a single band (Figure 20A). Subsequently, the in-gel molybdenum reaction confirmed that
enzymatic activity was exclusively with the upper band observed on the Coomassie-stained
CN PAGE (Figure 20B), indicating that only the dimeric form is active, while the
monomeric form is inactive. Further analysis using SEC-MALS and BN PAGE confirmed
the presence of monomeric PfPPase (Study III, Figure S3), with a MW of 176 kDa, lower
than the expected 206 kDa, suggesting a small proportion of monomers. These monomers
comprised 8-26% of total PfPPase across three expression batches. Nevertheless, the
exclusive activity of the dimeric form further supports the half-of-the-sites activity
mechanism®, where the mPPase dimer functions as an integrated machine. Conformational
changes at the dimer interface, driven by the downward motion of TMHI2, the
reorganization of the exit-channel loops, and the upward motion of TMH]13, are essential
for catalytic activity*®>.
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Figure 20. Fig 6. Clear Native PAGE and In-gel activity assay of PfPPase and TmPPase. (A) In-gel
fluorescence and Coomassie stained CN PAGE of PfPPase and TmPPase showing two oligomeric states of
PfPPase (blue stars) and the dimeric TmPPase (red star). (B) In-gel activity assay showing the black-colored
complex formed by phosphate with molybdate, corresponding to the position of the upper band of PfPPase
and TmPPase in (A).

4.4 |dentification of inhibitors against PfPPase

4.4.1 Non-hydrolyzable PP; analog inhibitors

In study I, we obtained two TmPPase crystal structures in complex with ETD and ZLD,
which are non-hydrolyzable PP; analogs. Additionally, we obtained more TmPPase crystals
in complex with five other bisphosphonates; however, these crystals diffracted weakly.
Activity assay revealed that among these compounds, ALE, PAM, and neridronate (NRD)
exhibited poor inhibitory activity, with ICso values ranging 100 and 200 uM (Study I,
Figure 1B), while ETD and ZLD were inactive against TmPPase. The differences in
inhibitory activity may be due to the introduction of an amino group in the side chain and
the length of the side chain'*. Substituting the hydrogen (in ETD) with a benzene ring (in
ZLD and RSD) does not favour inhibitory activity (ICso > 200 uM). Next, I tested these
seven bisphosphonates and IDP on PfPPase, and none demonstrated inhibition except for
IDP, which has an estimated ICso of 182 [151-239] uM (Figure 21A).

4.4.2 Non-phosphorus inhibitors

We then evaluated seven previously identified TmPPase inhibitors and fourteen compounds
with unknown activity on TmPPase for their potential to inhibit PfPPase (Study III, Table
2 and S1). Among these, only two TmPPase inhibitors derived from the pyrazolo[1,5-
a]pyrimidine core inhibited PfPPase, with ICso values below 100 uM (74 and 58 uM,
respectively) (Figure 21B-D). However, these values indicate 4- to 10- fold lower inhibitory
activity compared to their effects on TmPPase (Study III, Table 2). Additionally, we
assessed the specificity of fourteen commercially available drugs targeting malaria parasites
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on both PfPPase and TmPPase (Study III, Table 1). Of these, only furamidine (RD2)
demonstrated weak activity, with an ICso value of 180 [161-207] uM against PfPPase and

no detectable activity against TmPPase (Figure 21E), while the other compounds had no
activity against either PfPPase or TmPPase.
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Figure 21. ICso values of PfPPase inhibitors. (A-E). Inhibition of PfPPase by IDP (A), pyrazolo[1,5-
a]pyrimidine-based compounds (B-D) and furamidine (E).

The pharmacological differences in the activity of pyrazolo[1,5-a]pyrimidine-based
compounds between TmPPase and PfPPase can be attributed to several factors. For
example, although they may share a binding site at the exit channel; however, these sites
are not highly conserved, as evidenced by the absence of an ATC binding site in PfPPase”’.
Alternatively, differences in the accessibility of the conserved active site between the two
mPPases, particularly if the volume of the hydrolytic center differs, may result in significant
changes in binding affinity. Therefore, further characterization of the binding sites in
TmPPase and PfPPase is essential to elucidate the structural basis underlying the observed
differences in binding affinity between these enzymes. Such insights could facilitate the
rational design of more selective and potent PfPPase inhibitors, with potential therapeutic
implications for malaria treatment.

4.5 Preliminary structural studies of PfPPase

4.5.1 Complex reconstruction

PfPPase-BRIL_C was solubilized in DDM+CHS and purified in GDN, as previously
described, due to the higher activity of PfPPase in GDN compared to DDM (section 4.3.1).
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Moreover, GDN has emerged as a widely favored detergent for structural studies of
membrane proteins, as it provides a more native-like lipid environment and statilizes
dynamic or fragile complexes'*-142, Notably, a number of high-resolution structures of
membrane proteins purified in GDN have been reported!40-142,

PfPPase-BRIL and BAKS were mixed and purified by SEC, as described in Section 3.1.
The sample eluted as three peaks (Figure 22A), with the central peak being subjected to
SDS-PAGE analysis (Figure 22B). The SDS-PAGE results demonstrated that the first peak
fractions contained both PfPPase-BRIL and BAKS. The second peak fractions are believed
to contain contaminants (~10 kDa), which was also observed by Nikolova!4. However, the
10% gel was unable to resolve the overlapping bands. To address this, I used a 4-20%
precast gel, which successfully separated the approximately 10-15 kDa contaminant
(Figure 22C). Additionally, BAKS appeared as two distinct bands that were not visible on
the 10% gel. These two bands are attributed to the heavy (27 kDa) and light chains (26 kDa)
of the antibody fragment'*2. The pooled fractions from the first peaks displayed a major
band on BN-PAGE, corresponding to the homogeneous PfPPase-BRIL_C/BAKS complex
with an estimated MW > 250 kDa (theoretical MW: 292 kDa). The adjacent band
corresponds to PfPPase-BRIL C, migrating between 130 and 250 kDa (theoretical MW:
186 kDa) (Figure 22D).

The homogeneity of the sample was further evaluated using negative-stain EM to determine
whether it was of sufficient quality for cryo-EM analysis. Particles were evenly distributed
on the grid and manually picked using a 200 A mask, followed by extraction into a 250-
pixel box. A total of 1,452 particles were extracted and subjected to 2D classification. The
representative populated classes exhibited features consistent with expectations: a smaller
blob (BAKS5) attached to a larger blob, likely corresponding to the PfPPase-BRIL C
complex reconstituted in GDN micelles (Figure 22F). In contrast, the negative-stain EM of
PfPPase alone revealed no distinctly populated classes (Figure 22E). Instead, individual
PfPPase particles appeared embedded within detergent micelles, lacking discernible
structural features. This poses a significant challenge for image processing and alignment,
as the absence of well-defined boundaries prevents accurate classification and averaging
during 2D analysis'#'%. Beyond BRIL, a relevant example is the Plasmodium falciparum
chloroquine resistance transporter (PfCRT), a 49 kDa integral membrane protein involved
in antimalarial drug resistance'#%. Using a phage display library, Kim et al. identified high-
affinity Fabs, which enhanced particle alignment and facilitated the determination of the
PfCRT structure at 3.2 A resolution, revealing its overall architecture and a potential drug-
binding site'“®. Overall, the complex can be observed in negative stain EM and the particles
were well-dispersed after SEC. The sample was taken forward for cryo-EM grid screening.
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Figure 22. The formation of PfPPase-BRIL_C/BAKS complex. (A). SEC profile showing three major peak
fractions from the purification of complex. These fractions were collected separately for SDS-PAGE analysis.
The peak fraction of complex is highlighted with red rectangles. (B). SDS-PAGE analysis of PfPPase-
BRIL C/BAKS complex from the SEC peak fractions using a 12%-page gel under reducing conditions. (C).
SDS-PAGE analysis of peak land peak 2 fractions from the SEC using 4 -20% page gel under reducing
conditions. (D) BN-PAGE shows the homogeneous complex from the peak 1 fraction and PfPPase-Bril_C
without BAKS. (E). An example of a negative stain micrograph of purified PfPPase and representative 2D
classes. (F) An example of a negative stain micrograph of purified PfPPase-BRIL_C/BAKS5 complex and
representative 2D classes. The images were collected on a Hitachi microscope, and 2D classification was
performed using 3.8 Scipion.

4.5.2 Cryo-EM grid optimization

The purified PfPPase-BRIL _C/BAKS5 complex was applied to various types of grids for
initial trials. Despite the good distribution of homogeneous particles observed on negative-
stain EM grids, particles were scarcely found on Quantifoil Cu and Au-flat grids (Figure
23A-B). The "particles" observed on the C-flat Au grid could not be aligned (Figure 23C)
and are thus presumed to be artifacts generated during vitrification or grid transfer. This
suggested that the protein aggregated on the support film rather than occupies the holes'’.
To address this, grids with a 2 nm continuous carbon film or graphene oxide coating on the
support film were used to concentrate the protein within the holes'¥’. Using these grids,
protein particles became visible; however, the complex particles tended to aggregate on both
types of grids (Figure 23D-E). Aggregation likely occurred during the vitrification process,
possibly due to interactions at the air-water interface (AWI)'*®, or the high protein
concentration used (1 mg/ml) compared to the lower concentration (0.01 mg/ml) employed
in negative-stain EM. To mitigate aggregation, 3 mM Fos-Choline-8 was added to the
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sample immediately prior to vitrification, a strategy previously reported to reduce
aggregation and improve protein distribution on cryo-EM grids'%%14%150 This addition
significantly improved the distribution of protein particles at a sample concentration of 2.5
mg/ml (Figure 23F).
i Quant e Auflat AUR 12713 e ClatAuRiZts

raphene CU

Figure 23. Cryo-EM grid optimization. (A-F). Cryo-EM images show the particle distribution of the
PfPPase-BRIL_C/BAKS complex sample using different grid supports and additives. Images were collected
on a Titan Krios microscope at 150,000x magnification.

Following specimen optimization, a large dataset was collected using the Au-flat Au R1
1.2/1.3 grid (Figure 23F) for subsequent analysis. After multiple rounds of 2D
classification, 184,479 particles were selected for the final 2D classification (Figure 24).
However, the majority of classes lacked recognizable features and could not be identified.
These particles were likely GDN micelles (personal communication) and/or protein that had
dissociated from BAKS. Notably, in the seventh and tenth classes of the second row, as well
as the fifth and seventh classes of the third row, two small densities ("blobs") attached to
the micelle were observed, potentially corresponding to two BAKS molecules bound to
BRIL in each monomer of the PfPPase-BRIL_C. Unfortunately, due to the prevalence of
low-quality particles, the 3D initial models obtained from the dataset were not interpretable.
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Figure 24. Initial 2D classes obtained from the large dataset of the purified PfPPase-BRIL/BAKS
complex. Particles were extracted in a 500-pixel box. The classes are arranged based on the number of
particles contributing to each, starting with the class containing the highest number of particles at the top left
and descending to the bottom right.

Determining the structure of PfPPase-BRIL_C by cryo-EM presents two major challenges:
protein instability under cryo-EM conditions and interference from detergents. These
factors significantly affect particle integrity, orientation control, and resolution. A
promising alternative for future studies is PfPPase-BRIL_N, which exhibits higher
enzymatic activity compared to PfPPase-BRIL C. As discussed above, the C-terminal
BRIL fusion may interact with the exit channel loops, affecting enzymatic activity and
potentially destabilizing the protein by disrupting the dimer interface. Consequently, this
construct failed to achieve its intended goal of providing structural insights into the role of
the exit channel in catalysis. Therefore, PfPPase-BRIL N may offer improved structural
stability, making it more suitable for cryo-EM analysis.

To overcome the limitations of detergents, detergent-free approaches such as nanodiscs and
styrene-maleic anhydride (SMA) polymers have been explored!®!. Nanodiscs comprises a
lipid bilayer stabilized by membrane scaffold proteins, providing a native-like environment
for membrane proteins. However, attempts to reconstitute PfPPase into nanodiscs were
unsuccessful, as the protein failed to incorporate effectively. Alternatively, Styrene-Maleic
Anhydride (SMA) copolymers can extract membrane proteins directly from lipid bilayers,
forming SMA-lipid particles (SMALPs)'32. Unfortunately, PfPPase exhibited aggregation
in the presence of SMA, indicating incompatibility with this system. In Study III, LMNG
was shown to retain enzymatic activity comparable to GDN, even at concentrations below
its critical micelle concentration (CMC) of 0.001% w/w (Figure 19A). One key advantage
of LMNG is its low CMC, which results in a slow off-rate, allowing it to remain bound to
the protein surface even at very low concentrations!*3. This property has been demonstrated
in the P-adrenergic receptor, where LMNG-stabilized receptors retained their ability to bind
G-proteins at detergent concentrations 1,000-fold below the CMC'>*. Therefore, LMNG
will be interesting for future cryo-EM studies to minimize background noise caused by
detergent micelles.
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5 Conclusion and Future Studies

In summary, this thesis has provided detailed mechanistic insights into mPPase
biochemistry, conclusively demonstrating its asymmetric catalytic mode via DEER
spectroscopy and crystallography. The successful production of PfPPase as a model
enzyme, combined with ongoing cryo-EM studies, paves the way for structure-guided drug
discovery targeting parasitic mPPases.

Studies I and II demonstrated that solution-state EPR experiments, combined with newly
solved structures of TmPPase bound to bisphosphonates inhibitors, confirm asymmetric
inhibitor binding and the formation of multiple conformational states under different
inhibitory conditions. These findings provide strong evidence for symmetry-breaking across
the membrane, consistent with concept of half-of-the-sites-reactivity*®. To our knowledge,
Study I presents the first to measurements of conformational changes in mPPase that mimic
the substrate hydrolysis process under physiological conditions. Solid-supported
membrane-based electrophysiology recordings in study I and II were used to investigate
the temporal relationship between Na* pumping and PP; hydrolysis. The results indicate that
Na' pumping is tightly coupled to PP; hydrolysis. In the absence of hydrolysis, Na* pumping
is restricted to the ion gate in the presence of IDP, consistent with the TmPPase:IDP
structure, where Na* release from the ion gate is not possible. Furthermore, the barely
detectable Na* signals in the presence of ETD and ZLD suggests that one monomer must
adopt a fully closed state on both side of membrane for Na* pumping or partial translocation
to occur.

To identify non-phosphorus inhibitors targeting mPPase, it is crucial to validate their
pharmacological activity using parasitic mPPases. In studies III and IV, I established an
approach encompassing the expression and purification of PfPPase, along with the
exploration of potential novel inhibitors. The Hi5 insect cell expression system proved
highly efficient for expressing various PfPPase constructs, thereby facilitating future
investigation into its mechanism and structure. I identified two pyrazolo[1,5-a]pyrimidine-
based compounds with low micromolar activity (<100 pM) against PfPPase. However, the
inhibitors developed to date have primarily been designed based on the TmPPase model and
exhibit greater specificity for TmPPase than for PfPPase. Unpublished structural data
presented in this thesis demonstrate optimizations in cryo-EM grid preparation, providing a
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viable pathway to resolve the PfPPase structure—an essential step for the structure-based
design of more selective inhibitors.

Looking ahead, cryo-trapped time-resolved DEER could be employed in conjunction with
substrate-bound complexes to investigate, for example, the order and mechanism by which
the release of phosphate products and ions induces conformational changes in the active
sites, exit channels, and inter-subunit communication. This approach could provide deeper
insights into the reaction steps and their structural dynamics. Additionally, expanded
screening efforts using diverse scaffolds, including azulene-based series, will be carried out
against both TmPPase and PfPPase to identify new inhibitory compounds. Ultimately,
resolving the structure of PfPPase remains a critical milestone for the rational design of
selective and potent inhibitors.
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